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Abstract 
 
Ayumi Shimokawa 
Zircon U-Pb Geochronology of the Great Valley Group: Recalibrating the Lower Cretaceous 
Time Scale 
(Under the direction of Drew S. Coleman) 
 
Four new zircon U-Pb ages for volcanic horizons from the Great Valley Group 
require adjustments to parts of the Lower Cretaceous Time Scale: a Lower Aptian concordia 
age of 124.07 ± 0.13 Ma is in good agreement with the Global Time Scale 2008 Barremian-
Aptian boundary age of 125.0 Ma, but Upper Berriasian (138.46 ± 0.15 Ma) and two Lower 
Valanginian ages (137.63 ± 0.14 Ma, 133.66 ± 0.14 Ma) shift the Berriasian-Valanginian and 
Valanginian-Hauterivian boundaries to 138 Ma and 133 Ma, respectively. These new 
boundary ages, relative to previous estimations, indicate longer Berriasian and shorter 
Valanginian stage durations, which 1) adjust the timing of the Valanginian δ13C positive 
excursion so that it is synchronous with the main pulse of the Paraná-Etendeka flood basalt 
volcanism, 2) require a faster seafloor spreading rate during the Valanginian than previously 
assumed, and 3) suggest a sharper calcareous nannofossil species diversity peak during the 
Hauterivian.  
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1. INTRODUCTION 
The stratigraphic record preserves a history of Earth’s biologic, climatic, and geologic 
evolution. As our understanding of this history improves, thanks to improved analytical 
techniques and the simple accumulation of data, we are able to ask increasingly complex and 
detailed questions. Answering these questions often demands a more precise and higher-
resolution Geologic Time Scale than has been necessary in the past. Such a high-precision 
time scale is essential for studying the timing, duration, rates, and causal relationships 
between biologic, climatic, and tectonic processes. 
In the most recent time scales – Geologic Time Scale (GTS) 2004 and 2008 – the 
Lower Cretaceous Time Scale global boundary stratotype sections and points (GSSPs) are 
still undecided. Although candidates based on ammonites and calpionellids exist in land 
sections of France, Spain, and Italy, the provincialism of these fossils make the establishment 
of a global type section for this time period difficult (Ogg et al., 2004a, 2008). Further 
complicating the construction of the Lower Cretaceous time scale is a dearth of accurate 
high-precision radiometric ages. This deficiency, save a single 
40
Ar/
39
Ar age at the base of 
the Aptian, requires the use of a Pacific seafloor spreading model to interpolate the entire 
Lower Cretaceous time scale from the one age and results in the greatest stage boundary age 
uncertainties of the Phanerozoic (Gradstein et al., 2004; Ogg et al., 2004a; Pringle and 
Duncan, 1995). The poor state of the Lower Cretaceous Time Scale is problematic, especially 
because the Lower Cretaceous was an interval during which many important global events – 
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such as the formation of large igneous provinces, rapid climate change and associated faunal 
changes, and oceanic anoxia (Jenkyns, 2003) – were recorded in the sedimentary record. 
Defining the temporal succession of closely spaced events tied to different time scales – 
biostratigraphic, magnetostratigraphic, chronometric – is often critical for conclusions of 
cause and effect, but with the poorly defined Lower Cretaceous Time Scale, such conclusions 
are tentative at best.  
 Since the publication of GTS2004 and the call for Lower Cretaceous high-precision 
radiometric ages (Ogg et al., 2004a), several studies have contributed new Lower Cretaceous 
ages (Fig. 1.1). Mahoney et al. (2005) gave a 
40
Ar/
39
Ar age for the Shatsky Rise, 144.6 ± 0.8 
Ma, which corroborates GTS2008 base Berriasian age of 145.5 Ma. Fiet et al. (2006) 
proposed an entirely new Lower Cretaceous time scale with stage boundary ages that 
different from those of GTS2004 by up to 12m.y. (Fig. 1.1), on the basis of K-Ar glauconite 
ages supplemented with cyclostratigraphy in the Vocontian basin, France. Several studies 
following this work, however, raised doubts about the drastic time scale changes proposed. 
For example, Aguirre-Uretta et al. (2008) published a zircon U-Pb sensitive high resolution 
ion microprobe (SHRIMP) age of 132.5 ± 1.3 Ma for a tuff corresponding to the Subsaynella 
sayni ammonite zone (early upper Hauterivian) from the Neuquén Basin, Argentina in good 
agreement with GTS2008; He et al. (2008) produced an 
40
Ar/
39
Ar age of 121.2 ± 0.5 Ma for 
reversely magnetized lava flows from the Yixian Basin, China and concluded that this age 
approximates the base of magnetochron M0r. Selby et al. (2009) dated zircons from a tuff 
that puts the younger limit for the Aptian-Albian boundary at 113 ± 0.3 Ma. These recent 
studies contribute ages spanning Hauterivian-Aptian; however none have dated any rocks 
from the Valanginian-Berriasian interval.  
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 Here I present new zircon U-Pb ages for bentonites from the Great Valley Group in 
northern California that span Berriasian to Aptian. The Great Valley Group, with its well 
documented calcareous nannofossil biostratigraphy and abundant tuff horizons, serves as an 
excellent location for the task of improving the Lower Cretaceous Time Scale.   
 
  
Figure 1.1: Comparison of GTS2008 Lower Cretaceous time scale with time scale 
suggested by Fiet et al., (2006). Other Lower Cretaceous radiometric ages from 
recent studies shown to the left of GTS2008; gray boxes represent age uncertainty. 
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2. GEOLOGIC BACKGROUND 
The Great Valley Group is a 15km thick sedimentary section that was deposited 
throughout the Cretaceous in a deep-water forearc basin (Ingersoll, 1978; Surpless et al., 
2006). This north-south oriented basin is bordered on the west by the Franciscan ophiolite 
subduction complex and on the north and east by the Klamath-Sierran volcanic arc, the main 
source for Great Valley sediments (Fig. 2.1; Ingersoll and Dickinson, 1981; Ingersoll, 1982). 
Mudstone, shale, siltstone, sandstone, and the occasional conglomerate dominate the Great 
Valley Group (Suchecki, 1984), but it also includes numerous thin (1-15 cm) tuff and 
bentonite horizons (Bralower et al., 1990). Fossils are not abundant in the strata due to 
detrital dilution from rapid sedimentation, typical for convergent margin settings, but 
macrofossil and microfossil preservation is moderate (Bralower, 1989).  
Published biostratigraphy of the Great Valley Group has been based on the pelecypod 
Buchia and ammonites (Imlay and Jones, 1970; Jones et al., 1969).  However, the endemic 
nature of these macrofossils makes global correlation rather difficult. Additionally, the 
reliable of Buchia has been questioned due to redeposition by turbidity currents (Surpless et 
al., 2006; Bralower et al., 1990). Thus, alternative biostratigraphic indicators – e.g. 
calcareous nannofossils, radiolarians, and foraminifera – have been applied. Calcareous 
nannofossils, abundant in Cretaceous sedimentary rocks, are globally distributed and can 
provide high stratigraphic resolution.  The samples analyzed in this study, and the sections 
from which they have been collected, are biostratigraphically dated following the calcareous 
nannofossil zonation scheme of Bralower et al. (1989, 1995). 
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Figure 2.1: Geological map of northern California from Ernst et al., 2008. 
Approximate location of samples in the study area is indicated by the orange box.  
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The air fall tuffs interbedded throughout the Great Valley Group supply minerals, 
specifically zircon, which can be radiometrically dated. Zircon U-Pb dating is particularly 
ideal for time scale calibration for three reasons: 1) the two decay schemes of 
238
U to 
206
Pb 
and 
235
U to 
207
Pb in the U-Pb system provide independent dates simultaneously, and 
therefore, a means of checking the degree of “closed system behavior” maintained within the 
zircon, 2) the mineral zircon is known to exclude lead during crystallization, allowing for the 
assumption that there is no initial lead in the zircon, and that all the measurable lead may be 
attributed to the decay of uranium and thorium, and 3) zircon’s resilience in the diagenetic 
environment ensures that its isotopic signature is preserved and unaffected by low 
temperature alteration (Bowring et al, 2006).  
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3. METHODOLOGY 
3.1 Sampling 
Sample locations are documented using Polaroid photographs taken during previous 
expeditions for biostratigraphic and geochronologic studies. Seven volcanic horizons were 
chosen for geochronology based on the quality of the biostratigraphic age control and 
relevance to the time scale: one sample from the Grindstone Creek section (GC670), three 
samples from McCarty Creek section (MC180.5, MC873, MC855), and three samples from 
Vestal Road (VR121, VR123, VR129). Rocks from these horizons were collected in June of 
2009 by carefully matching the landscape to the Polaroid photographs (Fig. 3.1), additionally 
referring to the Paskenta quadrangle map with approximate locations of McCarty Creek 
sections provided by Tim Bralower. Sample MC888, previously collected in 1993, was also 
analyzed in this study. The Grindstone Creek section crops out on the banks of Grindstone 
Creek, Glenn County (Fig. 3.2). Sediments in this section span Kimmeridgian to Hauterivian 
in age (Bralower et al., 1990). GC670, which is located on the south side of Grindstone 
Creek, west of State Road 306, is a 4 cm-thick green tuff containing biotite, hornblende, 
plagioclase, apatite, and zircon. Zircon crystals in this sample are euhedral and doubly 
terminated with long axes of up to 200 µm.  
The McCarty Creek outcrops are found along east-west trending McCarty Creek, 
which runs approximately 2 miles north of Paskenta in Tehama County. Sample MC873 is 
located on the south bank of the creek immediately before the creek crosses McCarty Road. 
Two bentonite samples were collected 4 meters apart: MC873A is a 4 cm-thick, green  
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Figure 3.1: Polaroid photographs and corresponding digital photographs of GC670 (A,B),  
MC180.5 (C,D), and MC873 (E,F). 
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bentonite layer located stratigraphically above MC873B, a 2 cm-thick orange bentonite. Both 
bentonites contain quartz, plagioclase, hornblende, biotite, apatite, and doubly terminated 
zircon (long axis <300 µm); MC873A also contains iron titanium oxides. 
MC180.5 is a 10 cm-thick, white, indurated volcanic horizon, which crops out on 
Kelly Road, Paskenta. Plagioclase, apatite, hornblende, abundant iron titanium oxides, and 
large doubly terminated zircon grains (>500 µm) are present in this sample. 
Vestal Road outcrops are found along Dry Creek, Tehama County. All three samples 
are thick and were easily collected, but initial sample processing yielded only a few, tiny 
zircons, so these samples were not analyzed in this study. 
Table 3.1: Vestal Road sample data 
Sample UTM coordinates, NAD27 Description 
VR112 524409, 4459509 20 cm-thick, orange 
VR123 524526, 4459622 20 cm-thick, orange 
VR129 524587, 4459744 30 cm, greenish gray 
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Figure 3.2: Map showing locations (marked by stars) of samples. Lower left inset shows 
location of area. Solid yellow lines are paved roads, brown lines represent dirt roads, dashed line 
represents the boundary between Tehama and Glenn counties. 
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3.2 Sample Processing 
Except for MC180.5, which was processed through a jaw crusher and disc mill, all 
other bentonite samples were hydrated for at least a day and blended using a juice blender. 
Samples were then passed across the Rogers table, sometimes twice, to separate out the bulk 
of the clay fraction. Zircons were isolated using standard heavy-liquid and magnetic 
separation techniques. Samples were inspected for euhedral grains and any samples 
containing rounded zircons (MC855) were discarded. Zircons were hand-picked based on 
clarity and size, thermally annealed for 48-60 hours at 900°C, and chemically abraded for 8-
12 hours in 29M HF at 220°C. Individual fractions were rinsed with 13N HNO3, spiked with 
a 
205
Pb-
233
U-
236
U tracer, and dissolved in 29M HF.  Following anion exchange column 
chemistry, samples were analyzed on a VG sector 54 thermal ionization mass spectrometer 
using the Daly counter in single-collector peak switching mode at University of North 
Carolina Chapel Hill. 
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4. RESULTS 
Low U – and consequently Pb – concentrations of the GC670 zircons in combination 
with small grain sizes resulted in only approximately 15 pg total radiogenic Pb (Pb*) per 
grain, necessitating multi-grain analyses (3-4 grains). Although admittedly multi-grain 
measurement is not ideal, since subtle age variation between individual grains can be masked 
by a composite analysis, analyses consistently yield the same age.  Five concordant fractions 
from GC670 give a concordia age of 138.46 ± 0.15 Ma (MSWD = 0.19) and 
206
Pb/
238
U age 
of 138.45 ± 0.11 Ma (MSWD = 2.2; Fig. 4.1 A,E).  
Eight concordant fractions were analyzed for MC180.5; analyses were mostly 
obtained for single grains and total Pb* ranged 40-90 pg per fraction. Six of the eight 
fractions are identical in age and yield a concordia age 137.63 ± 0.14 Ma (MSWD = 0.0015) 
and 
206
Pb/
38
U age of 137.617 ± 0.093 Ma (MSWD = 0.43). Two fractions, z9 and z12, yield 
significantly younger, concordant ages of 137.1 Ma  and 137.2 Ma, respectively (Fig. 4.1 
B,F).  
Six concordant fractions were analyzed from MC873A and three from MC873B, with 
30-79 pg total Pb* per sample. Despite being distinct horizons collected 4 m apart, four 
fractions from MC873A and two from MC873B yield identical ages, consistent with the 
rapid sedimentation rates characteristic to this region.  Concordia and 
206
Pb/
238
U ages are 
calculated from these combined six fractions at 133.66 ± 0.14 Ma (MSWD = 0.19) and 
133.67 ± 0.10 Ma (MSWD = 0.76), respectively (Fig. 4.1 C,G).  In addition to the concordant 
fractions, several fractions define a pattern of normally and reversely discordant data with 
206
Pb*/
238
U ages that overlap with the concordant grains (Fig. 4.2). One concordant fraction 
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from MC873A (z15) is in line with these discordant fractions and is younger than the 
concordant cluster. Additionally, two concordant fractions, one from each sample, are 
significantly older than the concordant cluster and the discordant range. 
 
Zircons in sample MC888 contained much higher concentrations of Pb relative to the 
other three samples analyzed in this study, and analyses of 1-4 grains varied in total Pb* 
between 30-110 pg.  Of the seven concordant fractions analyzed in this sample, four fractions 
cluster at the youngest end of the range of ages. These four fractions yield a concordia age of 
124.07 ± 0.13 Ma and a 
206
Pb/
238
U age of 124.076 ± 0.097 Ma; the remaining three fractions 
spread along concordia toward older ages (Fig. 4.1 D,H).  
  
Figure 4.2: Concordia and 
206
Pb*/
238
U plots for sample MC873; analyses included in the concordia 
age are shown in darker blue for MC873A and teal for MC873B, and analyses not included are 
shown in gray. A: inherited fractions (z5A and z9B) are not shown. B: yellow bar represents 
reported 
206
Pb/
238
U age. 
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Figure 4.1: Concordia and 
206
Pb*/
238U plots for all samples; errors calculated at 2σ with 
decay constant errors included. A-D: Yellow ellipses and age given represent the concordia 
age. Analyses included in concordia age are shown in color; all other concordant analyses 
are shown in gray.  E-F: Weighted average of 
206
Pb*/
238
U age for analyses included in 
concordia age only; yellow line represents weighted mean.  
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TABLE 4.1. U-PB DATA FOR THE GREAT VALLEY GROUP 
           ages (Ma)  Total 
 weight conc. (ppm) 
206
Pb
†
 
206
Pb
‡
 error 
207
Pb
‡
 error 
207
Pb
‡
 error 
206
Pb 
207
Pb 
207
Pb corr. Common 
fraction 
(n) 
(mg) U Pb
*
 
204
Pb 
238
U (%) 
235
U (%) 
206
Pb (%) 
238
U 
235
U 
206
Pb coeff. Pb (pg) 
GC670 (540125, 4391765)** 
z26 (4) 0.0197 110.82 2.38 2686.36 0.02174 0.12 0.14625 0.24 0.04879 0.20 138.6 138.6 137.7 0.560 1.1 
z7 (2) 0.0144 87.60 1.88 2659.72 0.02168 0.23 0.14592 0.62 0.04882 0.55 138.3 138.3 139.0 0.466 0.7 
z2 (2) 0.0108 189.72 4.05 3360.02 0.02169 0.14 0.14591 0.41 0.04879 0.38 138.3 138.3 137.5 0.418 0.8 
z8A (3) 0.0190 248.70 5.32 5069.03 0.02173 0.11 0.14586 0.29 0.04869 0.26 138.6 138.3 133.1 0.413 1.3 
z22 (4) 0.0215 135.52 2.88 5519.08 0.02167 0.21 0.14583 0.28 0.04881 0.19 138.2 138.2 138.9 0.750 0.7 
MC180.5 (537256, 4417653) 
z5a (1) 0.0365 88.09 1.86 2512.20 0.02156 0.19 0.14510 0.30 0.04881 0.22 137.5 137.6 138.5 0.670 1.8 
z6a (1) 0.0343 70.70 1.50 3631.00 0.02158 0.18 0.14523 0.30 0.04880 0.23 137.7 137.7 138.3 0.623 0.9 
z10a (1) 0.0343 127.08 2.67 4546.30 0.02159 0.11 0.14521 0.23 0.04879 0.20 137.7 137.7 137.6 0.519 1.3 
z16a (1) 0.0272 122.13 2.57 5459.25 0.02159 0.09 0.14510 0.22 0.04875 0.19 137.7 137.6 136.0 0.451 0.8 
z17a (1) 0.0415 87.77 1.86 6207.72 0.02158 0.11 0.14523 0.22 0.04882 0.18 137.6 137.7 139.1 0.541 0.8 
z15 (2) 0.0251 154.55 3.28 3813.33 0.02156 0.13 0.14499 0.21 0.04878 0.16 137.5 137.5 137.2 0.656 1.4 
z9 (1) 0.0313 61.75 1.29 4547.02 0.02149 0.12 0.14454 0.25 0.04878 0.21 137.1 137.1 137.3 0.545 0.6 
z12 (1) 0.1014 29.94 0.63 6445.76 0.02151 0.14 0.14466 0.24 0.04876 0.20 137.2 137.2 136.5 0.588 0.6 
MC873 (538972, 4417955) 
z5 (3) 0.0264 127.16 2.67 5291.69 0.02109 0.18 0.14164 0.43 0.04870 0.38 134.6 134.5 133.3 0.491 0.9 
z15 (5) 0.0212 102.74 2.16 2695.66 0.02089 0.14 0.14028 0.31 0.04870 0.26 133.3 133.3 133.2 0.502 1.1 
z9 (3) 0.0208 143.33 3.08 3738.76 0.02097 0.11 0.14079 0.17 0.04870 0.13 133.8 133.7 133.2 0.669 1.1 
z12 (3) 0.0264 129.01 2.72 3336.78 0.02096 0.16 0.14059 0.43 0.04864 0.39 133.7 133.6 130.6 0.452 1.4 
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z18 (3) 0.0255 77.98 1.64 4260.55 0.02094 0.16 0.14054 0.29 0.04868 0.24 133.6 133.5 132.6 0.570 0.6 
z19 (4) 0.0214 68.51 1.47 4355.71 0.02094 0.17 0.14067 0.29 0.04873 0.23 133.6 133.6 134.9 0.610 0.5 
z10B (5) 0.0120 211.88 4.51 3505.82 0.02093 0.21 0.14017 0.42 0.04858 0.36 133.5 133.2 127.8 0.535 1.0 
z14B (5) 0.0103 146.96 3.15 3099.38 0.02096 0.13 0.14048 0.37 0.04861 0.34 133.7 133.5 129.3 0.424 0.7 
z9B (5) 0.0108 160.22 3.47 3118.92 0.02113 0.21 0.14196 0.41 0.04873 0.34 134.8 134.8 135.0 0.558 0.8 
z7 (3) 0.0264 95.48 2.03 4042.07 0.02101 0.25 0.14199 0.29 0.04901 0.13 134.1 134.8 148.3 0.896 0.8 
z17 (3) 0.0240 73.34 1.56 2670.64 0.02088 0.16 0.14100 0.22 0.04897 0.14 133.2 133.9 146.6 0.747 0.9 
z6 (3) 0.0264 85.09 1.83 2068.28 0.02094 0.34 0.13914 0.52 0.04819 0.39 133.6 132.3 108.7 0.670 1.5 
z13 (4) 0.0197 122.17 2.56 4248.77 0.02088 0.15 0.13808 0.21 0.04795 0.15 133.2 131.3 96.8 0.706 0.8 
z13B (5) 0.0190 110.73 2.36 3081.74 0.02088 0.17 0.13921 0.62 0.04835 0.58 133.2 132.3 116.6 0.354 0.9 
z11B (5) 0.0120 124.90 2.69 2066.60 0.02091 0.27 0.14102 0.45 0.04891 0.35 133.4 133.9 143.4 0.640 1.0 
MC888  
z7 (4) 0.0052 584.87 11.93 2619.49 0.01989 0.17 0.13323 0.33 0.04858 0.27 127.0 127.0 127.7 0.573 1.5 
z2 (2) 0.0042 316.21 6.47 1267.56 0.01955 0.21 0.13081 0.58 0.04852 0.51 124.8 124.8 124.5 0.477 1.3 
z4 (3) 0.0077 715.19 14.27 3043.11 0.01948 0.14 0.13030 0.28 0.04851 0.24 124.4 124.4 124.4 0.550 2.3 
z11 (2) 0.0050 436.88 8.68 4717.67 0.01945 0.11 0.13006 0.25 0.04850 0.22 124.2 124.2 123.9 0.495 0.6 
z9 (4) 0.0041 839.37 16.84 4463.04 0.01944 0.10 0.12996 0.16 0.04848 0.12 124.1 124.1 122.7 0.648 1.0 
z10 (1) 0.0047 522.48 10.36 4061.46 0.01942 0.11 0.12993 0.20 0.04853 0.17 124.0 124.0 125.2 0.572 0.8 
z12 (2) 0.0044 537.51 10.72 3778.64 0.01942 0.15 0.12984 0.20 0.04849 0.12 124.0 124.0 123.1 0.790 0.8 
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*
 Radiogenic Pb.   
†
 Measured ratio corrected for fractionation only.  All Pb isotope ratios were measured using the Daly detector, and are corrected for mass 
fractionation using 0.18 %/amu.   
‡ 
Corrected for fractionation, spike, blank, and initial common Pb.  After subtraction of blank Pb (<2 pg), common Pb corrections were 
unnecessary for all fractions.   
**
 All locations reported as UTM coordinates using NAD 27. 
Analysis accomplished with a VG Sector 54 thermal ionization mass spectrometer at the University of North Carolina.  Decay constants used 
are 
238
U = 0.155125 x 10
-9
yr
-1
, and 
235
U = 0.98485 x 10
-9
yr
-1
 [Steiger and Jäger, 1977].  Weights are estimated using a video camera and 
scale, and are known to within 10%.  Data reduction and error analysis was accomplished using PbMacDat-2 by D.S. Coleman, using the 
algorithms of Ludwig [1989, 1990] and all errors are reported in percent at the 2σ confidence interval.   
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5. DISCUSSION 
 The samples yield results characterized by clusters of four to six concordant analyses, 
in addition to a few analyses which fall above or below the cluster. I interpret the concordia 
age for each cluster to be the depositional age for the sample. The younger fractions in 
MC180.5 (z9, z12) and MC873 (z15) are interpreted to reflect Pb-loss (Fig. 4.1 B,C). The 
manifestation of this effect may be attributed to atypical grain sizes of these fractions relative 
to the grain sizes of the clustered fractions: MC180.5 z12 is significantly larger than other 
MC180.5 grains and therefore Pb-loss may not have been fully mitigated by chemical 
abrasion, whereas grains in MC873 z15 are smaller than other MC873A fractions (4.2 µg vs 
5.3-8.8 µg per grain) and may have experienced enhanced Pb-loss due to their high surface 
area-to-volume ratios.  
I interpret two fractions from MC888 (z4, z2; Fig. 4.1 D) and two fractions from 
MC873 (z5, z9B; Fig 4.1C), which are approximately 1 m.y. older than the clustered results 
for these samples, to reflect protracted growth in the magma chamber. This interpretation is 
supported by their continuous trend toward older ages (Fig. 4.1; Fig. 4.2D), which has been 
interpreted to reflect incremental growth in a magma chamber fluctuating in temperature and 
Zr concentration (Miller and Wooden, 2004; Miller et al., 2007). Unlike these fractions with 
ages close to the cluster of data, one fraction from MC888 (z7) is 7 m.y. older than the 
cluster (Fig. 4.1 D) and is likely to have an inherited component contributing to its older age.  
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5.1 Reverse Discordance 
Many analyses in this study yielded reversely discordant data (t
207
Pb*
/206
Pb*
 
< 
t
207
Pb*
/235
U < t
206
Pb*
/238
U).  Reverse discordance in zircons is often dismissed as an 
analytical issue rather than the manifestation of a distinct geologic process (Mattinson et al., 
1996). However, the repeated instances of discordance in all of the samples in this study 
require some explanation. Mattinson et al. (1996) looked into this problem by separately 
analyzing aliquots of a single zircon dissolved in 3-4 steps and found that the last aliquot 
(zircon core) often yielded reversely discordant data. These authors suggest the reverse 
discordance resulted from diffusion of Pb* from high-U rim areas to the low-U core. During 
partial dissolution (or chemical abrasion in this study), high-U zones are preferentially 
dissolved after the Pb* has migrated into the core; consequently, the remaining residue may 
contain excess unsupported Pb*, yielding reversely discordant analyses. Migration of Pb* 
indeed results in slightly higher 
206
Pb*/
238
U ages relative to 
207
Pb*/
235
U ages (Fig. 5.1); 
however, if the relative proportions of 
207
Pb* and 
206
Pb* are kept constant (e.g. core-ward 
migration of 10% of both 
207
Pb* and 
206
Pb* in the rim) in a zircon of uniform age 
distribution, both 
206
Pb*/
238
U and 
207
Pb*/
235
U ages are drastically affected, but 
207
Pb*/
206
Pb* 
ages are not at all.  Unless other processes that disrupt the 
207
Pb*/
206
Pb* ratio – in the case of 
reverse discordance, preferential migration of 
206
Pb* or incorporation of inclusions with low 
207
Pb*/
206
Pb* ratios  – are at work, one would not find a distribution like the one in figure 
4.1, where there is little variation in the 
206
Pb*/
238
U ages but 
207
Pb*/
235
U ages are widely 
distributed.  
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All of my analyses contained <1.5 pg of non-radiogenic Pb; however, the 
composition and origin of that common Pb is unknown. A more likely cause of the distinct 
pattern of discordance displayed by MC873 is uncertainty in the common Pb correction. 
Varying the estimates of the 
206
Pb/
204
Pb and 
207
Pb/
204
Pb for the common Pb correction 
reveals that the 
207
Pb/
235
U age is considerably more sensitive to changes in 
207
Pb/
204
Pb than is 
the 
206
Pb/
238
U age to changes in 
206
Pb/
204
Pb (Fig 5.2). Since slight changes to 
207
Pb/
204
Pb 
result in an array of ages and 
207
Pb/
204
Pb varies from system to system, it is fairly likely that 
some of the reverse discordance may be attributed to uncorrected common Pb with low 
207
Pb/
204
Pb.     
Figure 5.1: Idealized 
206
Pb*/
238
U and 
207
Pb*/
238
U ratios that result from the removal of up to 10% of 
just Pb (representing Pb loss) or just U (representing Pb migration and subsequent removal of U-
rich zones). Solid line represents concordia curve labeled with age (Ma); points above line are 
slightly reversely discordant and points below line are slightly normally discordant. Calculated 
based on a “true” age of 140Ma and the same decay constants used throughout this study.  
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Figure 5.2: Using data of MC873 z6 (reversely discordant), varying the common Pb ratios has 
a disproportionately large effect on the 
207
Pb/
235
U age. The green ellipses represent z6 when 
207
Pb/
204
Pb is varied from the original value of 15.6 (center ellipse) to 15.2 (right) and 16.0 
(left). Varying 
206
Pb/
204
Pb from the starting value of 18.9 to 18.5 and 19.3 imperceptibly shifts 
the ellipses up and down. Concordia line is shown with decay constant uncertainties.  
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5.2 Cretaceous Early Time Scale 
 Depositional ages inferred from concordia ages of samples tied to calcareous 
nannofossil biozones and subzones can be used to estimate stage Lower Cretaceous stage 
boundary ages. These are used to revise the Cretaceous early time scale (Fig. 5.3) 
5.2.1 Berriasian-Valanginian 
 Sample GC670 is placed in the Cretarhabdus angustiforatus biozone (NK-2), defined 
by the first occurrence of its namesake species (Fig. 5.4; Bralower et al., 1990). This 
placement is supported by the occurrences of C. angustiforatus and Assipetra infracretacea 1 
cm above the sample, as well as the appearances of Micrantholithus hoschulzii and 
Rhagodiscus nebulosus – both species which first appear in the upper Berriasian (Bralower et 
al., 1990) – within a meter above the sample. There are two notable species that are absent in 
GC670 as well: Rucinolithus wisei, which first appears in the late A. infracretacea subzone 
(NK-2A), is first found 88m above the GC670 and Percivalia fenestrata, the first occurrence 
of which defines the P. fenestrata subzone (NK-2B), is absent until roughly 130m above 
GC670. This combination of nannofossil occurrences and absences further places GC670 in 
the lower A. infracretacea subzone (NK-2A; Fig. 5.3; Bralower, 1990; Bralower et al., 1989), 
although this biostratigraphic age determination was challenged by Channell et al., (1995) 
due to the rare and scattered occurrences of C. angustiforatus and R. nebulosus in most 
sections outside the Great Valley Group and the age dependence on an absence of a species 
(P. fenestrata). 
 The previously published age for GC670 was 137.1 +1.6 /-0.6 (Bralower et al., 
1990); the revised age for this sample, 138.46 ± 0.15 Ma, is within uncertainty of the 
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previous age, but significantly more precise. The fact that the new age is at the upper limit of 
uncertainty in the old age likely reflects the fact that the earlier analyses suffered from minor 
Pb-loss – a problem that is directly addressed by the thermal annealing-chemical abrasion 
technique  employed in this study (Mattinson, 2005; Mundil et al., 2004).  
Like GC670, MC180.5 contains fossils of R. nebulosus and C. angustiforatus, in 
addition to Tubodiscus jurapleagicus, a species which first appears in subzone NK-2B in 
Deep Sea Drilling Project (DSDP) sites 391C and 534A (Bralower et al., 1989). However, in 
the McCarty Creek section, P. fenestrata, which is absent in GC670, first occurs in MC171, a 
sample stratigraphically below MC180.5, indicating that MC180.5 is younger than GC670 
(Fig. 5.5; Bralower, in prep; Bralower, 1990). These occurrences suggest correlation of this 
sample to the C. angustiforatus biozone – P. fenestrata subzone (NK-2B; Fig. 5.3) at the 
oldest, but it is not possible to rule out a younger age with the current biostratigraphy 
(Bralower et al., 1995). For the purposes of making general points and tentative changes to 
the time scale, the more conservative estimate is adopted here, and this sample is placed at 
the base of the Valanginian in the Calcicalathina oblongata biozone – R. wisei (NK-3A) 
subzone. Until a more definitive biostratigraphic age assignment can be made for MC180.5, 
137.63 ± 0.14 Ma approximates the age of the base Valanginian. 
Depending on the biostratigraphic age assignment of MC180.5, these two samples 
either stratigraphically flank the Berriasian-Valanginian boundary or both are directly below 
the boundary.  In the former case, the ages strongly suggest that the GTS2008 age for the 
Berriasian-Valanginian boundary at 140.2 Ma is too old by at least 2 m.y., and should be 
closer to 138 Ma, between 138.46 ± 0.15 Ma and 137.63 ± 0.14 Ma (Fig. 5.3). Following the 
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GTS2008 Tithonian-Berriasian boundary age of 145.5 Ma, supported by a lower Berriasian 
40
Ar/
39
Ar
 
age of 144.6 ± 0.8 Ma for the Shatsky Rise (Mahoney et al., 2005), a 138 Ma age  
for the Berriasian-Valanginian boundary lengthens the duration of the Berriasian from 5.3 
m.y. to 7.5 m.y. In the latter case, MC180.5 is in the P. fenestrata subzone and the  
Berriasian-Valanginian boundary age is younger than 137.63 ± 0.14 Ma, further lengthening 
the Berriasian and shortening the Valanginian.  
5.2.2 Valanginian-Hauterivian 
The segment of the McCarty Creek section that contains bentonites MC873A and 
MC873B contains fossils of P. fenestrata, R. nebulosus, and C. angustiforatus, all late 
Berriasian through Valanginian species.  Additional occurrences of Cyclagelosphaera 
deflandrei, Eiffellithus windii, Metadoga mercurius, R. wisei, and Tubodiscus verenae place 
this sample in the C. oblongata (NK3) biozone – R. wisei (NK3A) subzone in the lower 
Valanginian (Fig. 5.5, 5.3; Bralower, in prep; Bralower et al., 1995). The new age of 133.66 
± 0.14 Ma for this sample is in disagreement with the GTS2008 Valanginian-Hauterivian 
boundary age of 133.9 Ma (Ogg et al., 2008).  In conjunction with an early Upper 
Hauterivian age of 132.5 ± 1.3 Ma from the Subsaynella sayni ammonoid zone (Aguirre-
Urreta et al., 2008), corresponding to chron M7 (Ogg et al., 2008), this new age suggests that 
the Valanginian-Hauterivian boundary should be younger, closer to 133 Ma.  
5.2.3 Barremian-Aptian 
MC888 is early Aptian in age and occurs in the Chiastozygus litterarius biozone 
(NC6) – NC6A subzone (Fig. 5.3; Bralower et al., 1995). This age assignment is supported 
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by the first occurrence of C. litterarius and the last occurrence of Conusphaera rothii in 
MC887, a sample found below MC888 (Fig. 5.5; Bralower, 1990). NC6A occurs during part 
of the Globigerinelloides blowi foraminifera zone, the Aptian portion of which corresponds 
to the duration of Ontong Java Plateau formation (Tarduno et al., 1991). The concordia age 
for MC888, 124.07 ± 0.13 Ma, is consistent with an Ontong Java Plateau eruption age of 
122.4 ± 0.8 Ma and the subsequent Oceanic Anoxic Event 1a (“Selli” event; Mahoney et al., 
1993). This age is also in good agreement with GTS2008 Barremian-Aptian boundary age of 
125.0 Ma (Ogg et al., 2004) and calls into question the base Aptian 121.2 ± 0.5 Ma age for 
M0r suggested by He et al. (2008). 
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Figure 5.3: Integrated geochronobiomagnetic time scale adapted from GTS2008.  Dashed lines represent 
boundaries for which there are no new data.  Adjustments were made by anchoring the ages from this 
study with their respective nannofossil biozone assignments in time, and determining the Berriasian-
Valanginian, Valanginian-Hauterivian, and Barremian-Aptian boundary ages. The remainder of the time 
scale is linearly interpolated from these stage boundary ages, maintaining the relationships between 
biostratigraphic biozones, polarity chrons, and the other stage boundaries as represented in GTS2008.  
The last occurence of R.wisei and first occurrence of P. fenestrata is not addressed in either GTS2008 or 
GTS2004, thus the relationship between the polarity chrons and these subzones is rather arbitrary. 
Although the 132.5+/-1.3Ma age is not used to anchor chron M7 (its designated magnetostratigraphic 
age), it is used in this instance to approximate the Valanginian-Hauterivian boundary.  
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Figure 5.4: Calcareous nannofossil stratigraphy of the Grindstone Creek section from 
Bralower (1990). Fill of boxes indicate relative abundances: open squares = rare; filled 
squares = abundant. 
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Figure 5.5: Calcareous nannofossil stratigraphy of the McCarty Creek section from 
Bralower (1990). Fill of boxes indicate relative abundances: open squares = rare; filled 
squares = abundant. 
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5.3 Seafloor Spreading Rate 
The GTS2004 Berriasian-Valanginian and GTS2008 Valanginian-Hauterivian 
boundary ages were calculated assuming a Pacific seafloor spreading rate of 33km/Myr 
during the Berriasian through chron M15n, a “slowing” during the Valanginian, and 
21.6km/Myr between chrons M11n and M5n (Fig. 5.4, Ogg et al., 2004b; Ogg et al., 2008). 
A Berriasian-Valanginian boundary age of 138 Ma, lower Valanginian age of 133.6 Ma, and 
Valanginian-Hauterivian boundary age of 133 Ma signifies that, of the entire Valanginian 
(which spans 3.5 m.y.), subzone NK-3A constitutes a disproportionally greater length of time 
relative to subzone NK-3B (Fig. 5.3).  The lengthening of the Berriasian and Lower 
Valanginian requires a slower spreading rate during the Berriasian, much slower spreading 
rate during the Lower Valanginian, and an increased spreading rate during the Upper 
Valanginian and Hauterivian relative to previous estimates (Fig. 5.6).  
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Figure 5.6: Constant spreading rates used to calculate stage boundaries in GTS2008 (Ogg et 
al., 2004b), compared with spreading rates recalculated using the stage boundary ages and 
durations determined in this study.  
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5.4 Valanginian δ13C positive excursion 
The late Lower to Upper Valanginian (subzone NK-3A) positive δ13C excursion is 
often causally linked with the Paraná-Etendeka flood basalt volcanism. However, in 
GTS2008 the δ13C excursion predates the main pulse of volcanism, which is dated to be 132-
134 Ma (Gibson et al., 2006; Bornemann and Mutterlose, 2008). The new age from MC873 
for NK-3A, 133.66 ± 0.14 Ma, shifts the excursion to a younger age so that it is now 
potentially coeval with the phase of highest volcanic activity (Fig. 5.7). The widely accepted 
hypothesis that Paraná-Etendeka volcanism is tied to a mantle plume (Renne et al., 1992) 
may also be related to increased rates of seafloor spreading and suggests a highly dynamic 
mantle during the Valanginian. 
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5.5 Nannofossil Evolution 
Calcareous nannofossils first appear in the stratigraphic record during the Upper 
Triassic and the number of species increases throughout the Jurassic.  However, using the 
time scale of Gradstein et al. (1995), Bown et al. (2004) determined that at the Jurassic-
Cretaceous (Tithonian-Berriasian) boundary, the diversification rate (slope of species 
richness line) sharply increased until a peak in the Hauterivian, followed by a sharp decline 
until the mid-Aptian, after which the diversification rate increased again (Fig. 5.8 inset). 
Adjusting the species diversity plot to fit the time scale from this study results in an even 
sharper peak in the Hauterivian than previously recognized (Fig. 5.8). 
Figure 5.7: Figure adapted from Bornemann and Mutterlose (2008) showing range of 
Paraná-Etendeka volcanism ages and δ13C curve adjusted to the time scales of McArthur et 
al. (2007; black line) and Sprovieri et al. (2006; gray line). Red line represents the same δ13C 
data adjusted to new sub-biozone age assignments from this study. 
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Figure 5.8: Nannofossil species richness (number of species present) plotted against 
Lower Cretaceous time scale from GTS2008 (Ogg et al., 2008) and time scale from 
this study. Inset shows species diversity plot from the Mesozoic through Cenozoic, 
adapted from Bown e al., 2004.  
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6. CONCLUSIONS 
New radiometric ages from this study suggest that biologic and climatic events in the 
early Lower Cretaceous, particularly the Valanginian, may have occurred at faster rates than 
currently recognized: 2 zircon U-Pb ages, 138.46 ± 0.15 Ma and 137.63 ± 0.14 Ma, from 
nannofossil subzones NK-2A and possibly NK-3A, respectively, shift the Berriasian-
Valanginian boundary from 140.2 Ma in GTS2008 to 138 Ma (and perhaps even younger; 
Fig. 6.1), resulting in a significantly shorter duration for the Valanginian, and consequently, 
faster rates for Valanginian events. Another age for the top of subzone NK-3A, 133.66 ± 0.14 
Ma, provides an estimate for the Valanginian positive δ13C excursion, which is now 
permissibly synchronous with the main pulse of Paraná-Etendeka volcanism. A base Aptian 
age of 124.07 ± 0.13 Ma corroborates the GTS2008 Barremian-Aptian boundary of 125.0 
Ma; all ages from this study are at odds with the Lower Cretaceous time scale published by 
Fiet et al. (2006; Fig. 6.1).  
A Hauterivian high-precision radiometric age is necessary for accurate determination 
of the Valanginian-Hauterivian boundary age and durations of Valanginian calcareous 
nannofossil subzones. The Hauterivian U-Pb SHRIMP age from the Neuquén basin by 
Aguirre-Urreta et al. (2008) is not known to sufficient precision, but the same tuff could be 
re-analyzed with the TA-CA-TIMS method and provide important age control for this 
boundary interval.  
Lastly, re-dating Great Valley Group bentonites VR129 from the lower Aptian Vestal 
Road section and SC253.5 from the upper Berriasian Stony Creek section, previously dated 
to be 122.0 ± 0.3 Ma (Coleman and Bralower, 1993) and 136.9 ± 0.3 Ma (unpublished), 
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could further strengthen our understanding of Berriasian-Valanginian and Barremian-Aptian 
boundary ages. The accuracy and precision for these existing ages would be improved by 
using TA-CA and the new EARTHTIME mixed 
205
Pb-
233
U-
235
U tracer solution (Parrish et 
al., 2006). 
  
Figure 6.1: Comparison of Lower Cretaceous time scales from GTS2008, this study, and 
Fiet et al., (2006). 
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